INTRODUCTION
Many oxidative lesions are produced when reactive oxygen species attack the bases or sugars of DNA (1) . One of the lesions, 8-hydroxyguanine (7,8-dihydro-8-oxoguanine; 8-OH-Gua), a guanine in which the C8 position is oxidized, is known as a highly mutagenic base (2) . Many studies have revealed that G→T transversion would occur when 8-OH-Gua is generated in cells (3) (4) (5) (6) (7) . Another important and well-known lesion is 2-hydroxyadenine (1,2-dihydro-2-oxoadenine or isoguanine; 2-OH-Ade). 2-OH-Ade, wherein the C2 position is oxidized, was found to be produced by oxygen radicals in vitro (8, 9 ). 2-OH-Ade is formed in DNA by various treatments of animals and living cells and in certain human cancerous tissues (10) . This oxidized adenine is as mutagenic as 8-OH-Gua in Escherichia coli and mammalian cells (11, 12) . Recently, we found that the human MutT homolog (hMTH1) 8-hydroxydGTPase very efficiently hydrolyzes 2-hydroxy-dATP (13) . In addition, the human MutY homolog (hMYH), a repair enzyme for 8-OH-Gua, was reported to be a repair enzyme for 2-OH-Ade (14) . These results strongly suggest the importance of 2-OH-Ade as an endogenous mutagen in cells.
2-OH-Ade and 8-OH-Gua are expected to cause the misincorporation of nucleotides during the replication of DNA by non-canonical base pairing. 8-OH-Gua in DNA induces G→T transversions by the formation of a mispair between 8-OH-Gua and adenine (15) (16) (17) . On the contrary, 2-OH-Ade elicits various types of mutations in sequence and host celldependent manners, suggesting its ability to pair with all four natural bases (11, 12) . In vitro, 2-OH-Ade is incorporated as a complementary base to T/C by a mammalian DNA polymerase α and to T/G by the exonuclease-deficient Klenow fragment of E.coli DNA polymerase I (KF exo-), respectively (8, 18) . In the opposite direction, as expected, dTMP/dCMP and dTMP/ dGMP are incorporated opposite 2-OH-Ade by mammalian DNA polymerases (α and β) and KF exo-, respectively (19) . However, unexpectedly, dAMP along with dTMP are incorporated opposite to 2-OH-Ade in the 5′-TA*A-3′ (A* denotes 2-OH-Ade) sequences by all three DNA polymerases, α, β and KF exo- (19, 20) .
The fact that nucleotide incorporation depended on the sequence context of the template, and not on the simple pairing of facing bases, strongly suggests the importance of the local DNA structure at the template-primer terminus for the polymerase reaction. The local structure of DNA and its determinants, the stacking of incoming nucleotide bases with the adjacent base, hydrogen bonding to the opposite nucleotide and so on, directly correlate with the thermodynamic stability of the base pairing (21) . Furthermore, the stability of the base pair at the 3′ end of the primer strand is important for further elongation of the strand (22) . Consequently, the thermodynamic stability of the base pair at the termini is expected to correlate with the efficiency of nucleotide incorporation. The mechanism of nucleotide incorporation by several DNA polymerases is under discussion and studies by Kool and co-workers (22) (23) (24) (25) have revealed the importance of the base pairing geometry for a polymerase reaction. However, the relationship between the thermodynamic stabilities of the base pairs and their recognition by DNA polymerases remains unclear.
Almost all the thermodynamic studies have been carried out with a duplex containing the base pair of interest in its center, and no obvious relationship between the tendency of nucleotide incorporation and base pairing stability has yet been found. Because the situation of a base pair in the center of DNA may be quite different from the environment of the base pair at the end of the strand as previously suggested (26) , the thermodynamic stabilities of duplexes that contain the base pair of interest at the end, mimicking the nucleotide incorporation step (27) , should be used for evaluation of the relationship between the thermodynamic stability and misincorporation.
Here, we are focusing on the correlation between the stability of a base pair involving 2-OH-Ade (A*-N) and the incorporation pattern opposite 2-OH-Ade obtained by our in vitro experiments (19, 20) . In this study, we prepared a total of 20 DNA duplexes that could be categorized into four groups, with the 5′-TA*A-3′ or 5′-GA*C-3′ sequence in 'template' strands ( Fig. 1) . The thermodynamic parameters of the 5′-TA*A-3′ sequence that exhibits misincorporation of adenine (AT closing sequence) and those of the control 5′-GA*C-3′ sequence (GC closing sequence) were compared. As shown in Figure 1 , 2-OH-Ade was introduced into the center or terminus of the oligodeoxyribonucleotides with the AT, GC closing sequences. An A-T base pair was used as the control for stability evaluation of the A*-N (N = A, G, C or T) base pair. The free energy change at 37°C for duplex formation (∆G°3 7 ) was calculated in order to compare the thermodynamic parameters and the results of the misincorporation experiments using DNA polymerases.
The stabilities of the duplexes containing 2-OH-Ade were similar when they paired with T, C and G but not with A when the base pair was located in the center. Similar results were obtained with a series [4] that contains the 5′-GA*C-3′ sequence at the end. However, the A*-A pair was more stable than the pair with C or G in the series [3] which has the 5′-TA*A-3′ sequence at the end. These results were in agreement with those of the nucleotide misincorporation by DNA polymerases in vitro, suggesting a relationship between the thermodynamic stability of the terminal base pair and the mutation spectra of 2-OH-Ade.
MATERIALS AND METHODS

Synthesis of oligodeoxyribonucleotides
All oligodeoxyribonucleotides were synthesized on a solid support using phosphoramidite chemistry and purified as previously described (20) . β-cyanoethyl phosphoramidite of 2-OH-
, was prepared as described (28) . The synthesized oligonucleotides are listed in Figure 1 and their sequences are the same as those of the primed template used in in vitro nucleotide incorporation studies (19, 20) . A single strand concentration of purified oligodeoxynucleotides was determined by measuring the 260 nm absorbance at high temperature with a Hitachi U-3210 spectrophotometer connected to a Hitachi SPR-10 thermoprogrammer as previously described (29) . Extinction coefficients were calculated from the mononucleotide and dinucleotide data using a nearest-neighbor approximation (30, 31) .
UV melting analysis
Measurements of the UV absorption were carried out on Hitachi U-3200, U-3210 and Beckman DU640 spectrophotometers. All experiments were carried out in a buffer containing 1 M NaCl, 10 mM Na 2 HPO 4 , 1 mM Na 2 EDTA pH 7.0. A DNA strand and its complementary strand were mixed in a 1:1 concentration ratio and annealed to obtain the duplex. Melting curves (absorbance versus temperature curves) were measured at 260 nm using the spectrophotometers connected to a Hitachi SPR-10 thermoprogrammer at several concentration points for a duplex between 1 and 100 µM. The heating rate was 0.5 or 1.0°C/min. The water condensation on the cuvette exterior in the low temperature range was avoided by flushing with a constant stream of dry N 2 gas. The melting temperatures (T m ) were measured at various total concentration (C t ) points of oligonucleotides. The thermodynamic parameters (enthalpy change, ∆H°; entropy change, ∆S°) for each duplex formation were determined as average values obtained by the following two methods: (i) curve fitting of individual melting curves to two-state model with sloping baselines was averaged, and (ii) linear van't Hoff plot, T m -1 versus ln(C t /4) as shown in the supplemental Figure S1 (32-34). A free energy change associated with the duplex formation at 37°C, ∆G°3 7 , was calculated from the obtained ∆H°and ∆S°values using following the equation: ∆G°3 7 = ∆H°-(310.15 × ∆S°).
Molecular modeling
Molecular models of the duplex were built by molecular mechanic calculations performed on a QUANTA 97.1/ CHARMm23.2 (Molecular Simulations Inc.). Parameters of the residue topology file (RTF) were modified based on that of the B-form DNA. The energy minimization of a structure was carried out with the adopted basis set Newton-Raphson (ABNR) method. All the calculations were performed on a Silicon Graphics Indigo2 workstation running IRIX 5.3.
RESULTS
Determination of thermodynamic parameters from UV melting curves
All of the UV melting curves of the oligodeoxynucleotides shown in Figure 1 were measured in the range from 0 to 90°C. As shown in Figure 2 , almost all the oligonucleotides with the A*-N base pair exhibit stability that is similar to those with an A-T base pair. Two isoforms, namely the keto and enol forms of 2-OH-Ade, were previously found in aqueous solution (30, 35) . Because the extent of each tautomer changes along with the temperature, the two (or more) tautomers of 2-OH-Ade could not be distinguished in the UV melting analysis. However, all the melting curves of the duplexes having 2-OHAde showed normal melting behaviors with linear lower and upper baselines as shown in Figure 2 . All of these behaviors were regarded as the two-state transition. This phenomenon indicates that the tautomerization would be normalized during melting to produce a linear slope and be negligible in the discussion about the energetical differences between doublestranded and single-stranded DNAs. The fact that the parameters obtained from two independent methods were quite similar also justifies the parameters. The thermodynamic parameters for each duplex formation are listed in Tables 1 and 2 .
Stability of the duplexes with internal 2-OH-Ade
As listed in Table 1 , the ∆H°value of duplexes [1] AT and [2] AT were -123 and -125 kcal mol -1 , respectively. All the duplexes with an internal 2-OH-Ade residue had a smaller enthalpic gain, suggesting an unfavorable enthalpic effect for the duplex formation by the 2-OH-Ade introduction. On the other hand, the ∆S°value of duplexes [1] AT and [2] AT were the same value, -344 cal mol -1 K -1 , and those of the duplexes with the 2-OHAde had smaller entropic losses. The order of ∆H°for the base pairs was the same as that of the free energy change (∆G°3 7 ). Thus, these data reveal that the introduction of the 2-OH-Ade destabilizes the duplex due to the unfavorable enthalpic effect.
For the AT closing [1] series, the order of -∆G°3 7 was A-T > A*-C > A*-G ∼ A*-T >> A*-A. The differences in the free energy change (∆∆G°3 7 ) of A*-C, A*-G, A*-T and A*-A referenced to the stability of the A-T base pairs were 0.7, 2.1, 2.1 and 4.5 kcal mol -1 , respectively. The last value might suggest no hydrogen bonding at the A*-A site. Regarding the GC closing [2] series, the order of -∆G°3 7 was A-T > A*-T > A*-G ∼ A*-C >> A*-A and the ∆∆G°3 7 of these were 0.2, 2.2, 2.2 and 7.9 kcal mol -1 , respectively. Also, in this case, the A*-A base pairs should not be formed as in series [1] . The A*-A pair was the weakest base pair in all cases, in spite of the closing base pair, as previously reported (36) . These results are summarized in Figure 3A and B.
Stability of the duplexes with a terminal 2-OH-Ade pair at the dangling end
To mimic the nucleotide incorporation step during DNA replication, the thermodynamic parameters of the duplexes with 2-OH-Ade in the terminal 'pair' (corresponding to the opposite site of the primer end) were measured. In addition, we added a dangling end in order to consider the stacking interaction with a 5′-flanking base of 2-OH-Ade as previously reported (27) . As listed in Table 2 , the ∆H°value of duplexes [3] AT and [4] AT were -112 and -142 kcal mol -1 , respectively. As for the fully-paired duplexes, almost all the duplexes with the 2-OH-Ade lost the enthalpic gain and had unfavorable free energy changes with the exception, A*-T with AT closing ([3] A*T ). The ∆H°and ∆G°3 7 of [3] A*T were -116 and -15.5 kcal mol -1 while for [3] AT , they were -112 and -15.5 kcal mol -1 , respectively. This A*-T pair was as stable as the A-T pair and more stable than the other pairs involving 2-OH-Ade in series [3] . The A*-T pair was also the most stable A*-N pair for sequence [4] . Another notable finding is the stability of AT closed [3] A*A . The free energy change of the [3] A*A duplex formation was nearly the same as that of the original [3] AT (∆∆G°3 7 = 0.5 kcal mol -1 ) although the A*-A base pair in the sequence series [4] was quite unstable as seen in the sequences [1] and [2] . These results are summarized in Figure 3C and D.
DISCUSSION
Natural nucleic acids recognize their complementary sequences specifically by Watson-Crick base pairing and their structures have been defined. However, most of the local structures of the double-stranded DNAs with a modified base, such as 2-OH-Ade, are still unclear.
The existence of many tautomers of 2-OH-Ade has been reported. The presence of the N1-H keto and O2-H enol forms was found in the 9-methyl derivative and in the deoxyriboside (30, 35) . Also, it was reported that the equilibrium between the two tautomers shifts depending on the hydrophobicity of the environment. In a duplex DNA, the N1-H keto form is predominant in aqueous solution (∼95% at 0°C) and the population of another form (probably the O2-H enol form) gradually increased, reaching 40% at 40°C (37) . In addition, the N3-H keto, imino oxo and imino enol with the N1-H or N3-H isoforms were also suggested based on a theoretical calculation (38) . This conformational diversity of 2-OH-Ade appears to result in many structures: oligodeoxyribonucleotides containing 2-OH-Ade are able to form normal antiparallel duplexes and also parallel duplexes, quadruplexes and pentaplexes (39) (40) (41) (42) (43) . The base pairing pattern concerned with 2-OH-Ade is expected to be vary because 2-OH-Ade could make hydrogen bonds with the all four natural bases through the many tautomeric forms. This ambiguous base recognition resembles the 'wobble' base pairing in the codon-anticodon recognition system, and actually 2-OH-Ade was applied for use in the construction of an expanded genetic code (38, 44) .
Thus, once 2-OH-Ade is produced by the oxidation of adenine, many types of mutations would be induced during the DNA replication. Indeed, various mispairing patterns of 2-OHAde have been found. It has also been clarified that the mispairing property of 2-OH-Ade may depend on the sequence context around the lesion (8, (18) (19) (20) 45) , suggesting the relationship between the thermodynamic stability of the terminal base pair involving 2-OH-Ade and this sequence contextdependent nucleotide misincorporation.
Thermodynamic effect of 2-OH-Ade in the center of the duplexes
Only a few thermodynamic studies of a double-stranded oligonucleotide with the A*-N base pair have been carried out, including studies with RNA-DNA heteroduplexes and RNA-RNA duplexes (38, 46) . The results reported by Seela and Wei (36) are comparable with our results, although the ∆∆G°values could not be directly compared because they used A*-isocytosine and G-C base pairs as the control. They introduced 2-OH-Ade into the center of the DNA duplexes and reported that this introduction led the enthalpic loss of the duplexes and that the order of ∆H°was same as the order of ∆G°3 7 . These data have the same tendency as our data in Tables 1 and 2 . In their study, the order of -∆G°3 7 for the duplex formation with the A*-N base pair in 5′-TA*A-3′ that corresponds to our series [1] was C ∼ G > T >> A. The differences in the free energy change (∆∆G°3 7 ) of the unusual base pairs against the stability of the most stable A*-C or A*-G base pair were 0, 0, 0.7 and 2.6 kcal mol -1 , respectively. The order of -∆G°3 7 for duplexes with A*-N in 5′-GA*T-3′ that resembles our series [2] was T > G ∼ C >> A (∆∆G°3 7 against A*-T were 0, 0.5, 0.5 and 2.5 kcal mol -1 , respectively). These results are very close to ours. In our present study, the order of -∆G°3 7 was C > G ∼ T >> A in series [1] (∆∆G°3 7 against A*-C were 0, 1.4, 1.4 and 3.8 kcal mol -1 , respectively) and T > G ∼ C >> A in series [2] (∆∆G°3 7 against A*-T were 0, 2.0, 2.0 and 7.7 kcal mol -1 , respectively). The discrepancy should indicate the necessity of considering the same theoretical aspect as normal DNA; the stability of a base pair depends on the combination of both nearest neighbor base pairs. Although it is necessary to compare the stability of all 64 trinucleotides with the A*-N base pair for a formal discussion, the following points could be generally stated for the A*-N pairs at the center of the duplexes in general. 
Thermodynamic effect of 2-OH-Ade at the end of the strand
This is the only report that evaluates the thermodynamic stability of a duplex with a terminal A*-N pair and a dangling end. For the sequence series [3] and [4] , the absolute value of the thermodynamic parameters of a trinucleotide with the A*-N base pair at its center could not be determined because the duplexes had a dangling end. However, the dangling effect should be excluded by subtraction of the duplex parameters having the same dangling end. Thus we compared the stability of the A*-N base pairs based on their ∆∆G°3 7 values.
In the GC closing series [4] , the order of stability of the A*-N base pair was T > G > C >> A (∆∆G°3 7 against A*-T were 0, 0.8, 2.2 and 5.7 kcal mol -1 , respectively). This tendency resembles that in the series [2] duplexes ( Fig. 3B and D) and that reported for the 5′-GA*T-3′ sequences by Seela and Wei (36) . Actually, ∆∆∆G°3 7 , that is the difference of ∆∆G°3 7 for the A*-N base pair in the sequence series [2] and that in [4] , were within the range of 0.7 kcal mol -1 for the three stable base pairs (N = T, G and C). Thus, the stability of a GC closed A*-N base pair at the end of the strand is analogous to that in the center of the strand.
On the other hand, in the AT closing series [3] , the order of stability of the A*-N base pairs was T > A > C > G (∆∆G°3 7 against A*-T were 0, 0.5, 1.7 and 3.5 kcal mol -1 , respectively), and was very different from that in series [1] (Fig. 3A and C) . The ∆∆∆G°3 7 values (differences in ∆∆G°3 7 for A*-N in [1] and those in [3] ) were quite scattered. In particular, ∆∆∆G°3 7 of the A*-A base pair was 4.0 kcal mol -1 ; the value could be interpreted such that the terminal A*-A base pair in the 5′-TA*A-3′ sequence is nearly 10 3 times more stable than that within the duplex. This result strongly suggests that the 5′-TA*A-3′ sequence is quite unique. The structure of series [3] is a model of the situation during the DNA replication of a template containing 2-OH-Ade. Depending upon the thermodynamic stabilities of the series [3] duplexes, the incorporation of T or A opposite to 2-OH-Ade is expected. Indeed, dTMP and dAMP are incorporated opposite to 2-OH-Ade in the 5′-TA*A-3′ sequences by E.coli and mammalian DNA polymerases in vitro (19, 20) .
It is hard to compare the mutation spectra of 2-OH-Ade in living cells directly to those of the in vitro results because of the effects of repair enzymes and the 3′-5′ exonuclease activity of DNA polymerases. However, the results observed in E.coli and mammalian COS-7 cells agreed with the results of the in vitro experiments (11, 12) . Thus, the thermodynamic stability of the A*-A pair may be an important factor for the incorporation of A opposite to 2-OH-Ade. In addition, the results of the nucleotide insertion opposite to 2-OH-Ade in the 5′-GA*C-3′ sequence is in agreement with the thermodynamic stabilities of the series [4] . Therefore, the stability of a base pair of 2-OH-Ade with an incoming nucleotide may determine the specificity of the nucleotide incorporation.
Correlation of stability of the A*-N base pair and nucleotide incorporation by DNA polymerases
The nucleotide incorporated opposite to 2-OH-Ade depends on the kind of DNA polymerase except for the 5′-TA*A-3′ sequence. In general, the mammalian DNA polymerases α and β insert T and C, and KF exo-incorporates T and G (19) . Thus, factors other than the thermodynamic stability would be included in this nucleotide selection. Recently, Kool and coworkers (23) (24) (25) carried out incorporation experiments with several nucleotide analogs by DNA polymerases. Taking their studies together with the biochemical and structural data reported by others (47, 48) , it is suggested that geometric selection of an incoming nucleotide and a minor groove interaction between the base(s) and the polymerase are important in the polymerase reactions. Moreover, these studies indicate that the recognition mode of each DNA polymerase differs to some extent.
It appears that a stable base pair is formed more easily than an unstable pair even in the active site of a DNA polymerase because our three experiments with 2-OH-Ade, in vitro, in vivo, and the thermodynamic analyses correlate with each other. However, some DNA polymerase dependence would be involved in the selective incorporation of a nucleotide. Thus, the polymerase-dependent specificity of the nucleotide incorporation opposite 2-OH-Ade seems to also be influenced by different interaction patterns of newly formed base pairs with different polymerases. On the other hand, 2-OH-Ade in the 5′-TA*A-3′ sequence formed a stable pair with A at the terminus of an elongating DNA strand (Table 2 and Fig. 3C ). The experiments in vivo also strongly suggest the presence of a stable A*-A pair because any mispair at the end of a strand should be removed by exonucleases and the mispair should inhibit further elongation of the strand (22, 49) . For the geometric selection, the fact that dAMP is incorporated opposite to 2-OHAde in the 5′-TA*A-3′ sequence indicates that the A*-A pair in the active site is not 'rejected' by all the DNA polymerases tested. We propose that the thermodynamic stability of a base pair at the end of a strand is the primary factor in the determination of nucleotide selection, at least for 2-OH-Ade with some ambiguity that depends on the nature of the polymerases.
Why is the A*-A base pair stable in the AT closing series [3]?
The A*-A base pair in the AT closing [3] sequence is quite stable with a ∆∆G°3 7 of 0.5 kcal mol -1 against the natural A-T base pair. This extraordinary stability should be a reason for the A incorporation opposite to 2-OH-Ade regardless of the polymerase. Why does the A*-A base pair in the sequence [3] exhibit such a high stability? To evaluate this phenomenon, molecular modeling was carried out for the tetranucleotide models with the A*-A base pair, 5′-CTA*A-3′/5′-TAAG-3′ ( (Fig. 4) . In this model, 2-OH-Ade and A make two hydrogen bonds in anti-anti orientation and the base pair plane was stacked in parallel to the adjacent A-T base pair plane. On the other hand, none of the A*-A pairs in the other models formed hydrogen bonds at the successively stacked position. This is the tetranucleotide model and detailed structural analyses have to be carried out to determine the structural features of this unusual base pairing. However, this result strongly supports our thermodynamic data.
CONCLUSION
We have investigated the thermodynamic stability of four distinct series of DNAs with 2-OH-Ade in the center or at the end. The thermodynamic stability of the A*-N base pair at the end correlates well with the misincorporation pattern opposite 2-OH-Ade. Incorporation of dAMP opposite 2-OH-Ade in a 5′-TA*A-3′ sequence can be explained by the unusual stability of the A*-A base pair in the 5′-TA*A-3′ sequence. The incorporation of dCMP and dGMP can also be explained by the same mechanism. Thus, thermodynamic stability of 2-OH-Ade and an incoming nucleotide may determine the nucleotide insertion specificity.
The apparent correlation may indicate the ability of rationalizing the wide mutation spectra of damaged or modified bases by the thermodynamic stability of a terminal base pair with a dangling end. Also, it may be possible to predict another 'hot spot' sequence at which specific modifications would occur like 5′-TA*A-3′ by thermodynamic analysis of several model DNAs.
